Tuberculosis (TB) remains a significant challenge to public health, especially in developing countries. Failure in early diagnosis and lack of rapid and accurate diagnostic methods lead to ongoing prevalence and transmission of TB. Recently, the recombinase polymerase amplification (RPA) technique has made it possible to rapidly amplify and detect nucleic acids without specialized devices. We developed a RPAbased method for identifying Mycobacterium tuberculosis (MTB) by detecting mts90, a more specific target identified in our previous research. Different screening methods were employed for selecting a preferred primer pair of amplification, and probes were confirmed as very fast and reliable tools in the screening of potential primer candidates. The results showed that the mts90 RPA assay was very sensitive and capable of detecting 6 copies of recombinant plasmid containing mts90 sequence per reaction. The assay was specific for detecting MTB, as it did not identify the genomic DNA from other mycobacteria and
Introduction
Tuberculosis (TB) is an infectious disease primarily caused by Mycobacterium tuberculosis complex (MTC) with a high morbidity and mortality, especially in TB endemic countries and regions where healthcare resources are limited and inaccessible. The World Health Organization (WHO) "global TB report 2016" estimated that there were about 10.4 million new TB cases globally in 2015 and noted a 4.3 million gap between the estimated number of incident cases and notications of new cases, 1 indicating that there is a serious misdiagnosis in the current TB diagnosis and treatment. TB still poses a global health threat due to a lack of accurate diagnosis and timely treatment, coupled with HIV co-infection and the continued emergence of multidrug resistant or extreme drug-resistant strains. [2] [3] [4] [5] Focusing on global TB control, the United Nations put an end to the global TB epidemic as one of the 2030 sustainable development goals in the post-2015 era, 6 and a strategy directed by WHO is to achieve a rapid and accurate diagnosis for more TB suspected patients. 7 Conventional methods of TB diagnosis are sputum smear microscopy and culture. Smear microscopy is the primary test to diagnose TB. Many countries are phasing out this method because of its poor sensitivity and specicity. 1, 8 Bacterial culture is the current reference standard method; however, the requirement for laboratory capacities and up to 12 weeks to nalize the results and provide reports restrict its applications. 1, 9 Nucleic acid amplication tests (NAAT) aiming at a rapid and accurate detection of TB can avoid the limitations of conventional methods. 10, 11 The rst rapid TB diagnostic method, Xpert MTB/RIF (Cepheid, USA), was endorsed by the WHO in 2010 and recommended as a preliminary screening test for individuals suspected of co-infection with HIV by 2015.
training of operators, stable electricity supply and a suitable working environment, 14 which are difficult for under-developed communities to afford. So it is worthwhile to develop a simple, rapid, sensitive and low-cost method for diagnosing TB to facilitate the need of healthcare systems in areas with a high TB burden.
2,15
Unlike traditional PCR methods, isothermal amplication can amplify nucleic acids at a low incubation temperature without a precise thermal cycling, possessing the potential to develop point-of-care testing (POCT) application tools. 16, 17 A newly developed technique of isothermal nucleic acid ampli-cation, recombinase polymerase amplication (RPA), mainly relies on three enzymes, i.e., recombinase, single-stranded DNA-binding protein (SSB) and strand displacement DNA polymerase, to complete testing in 20 minutes at an optimal working temperature, approximately 37 C to 42 C. 18 The protein-DNA complex formed by recombinase and primers can nd homologous sequences in the target DNA, followed by a chain exchange reaction, and then the DNA synthesis is initiated by strand displacement polymerase. RPA can become a highly specic detection with a well-designed probe and RPA is ideally suited to eld use with resource limits. 18, 19 Due to its diverse detection formats, high detection efficiency and adaptability, RPA has been widely applied in nucleic acid detection, such as infectious diseases diagnosis and cancer research.
20-22
Particularly, RPA have been described for TB diagnosis by detecting MTC and nontuberculous mycobacteria (NTM).
23-25
Mycobacterium tuberculosis (MTB) is an important member of MTC, accounting for 90% to 95% of the cases of human TB, 26 and therefore it is crucial to detect MTB for the clinical diagnosis of TB. mtp40 is a frequently-used molecular target for identifying MTB; however, reports showed it is absent in some MTB strains and is also present in some other members of MTC.
27,28 esat-6 and cfp-10 are also used for detecting MTB, for which a RPA-based assay has been reported. 29 But the esat-6 and cfp-10 also exist in some NTM, such as Mycobacterium kansasii and Mycobacterium marinum. 30 In addition, IS6110 is a highly sensitive marker for detecting MTC, but some MTB strains cannot be identied due to lack of IS6110. 31, 32 In order to detect MTB more accurately and effectively, mts90 was identied as a more specic molecular diagnostic target of MTB in our previous study. 33 Therefore, a method capable of sensitively detecting mts90 may help in improving the detection rate of TB and subsequently preventing TB transmission in the epidemic areas.
In this study, we established a real-time RPA method targeting mts90 for the rapid, sensitive and specic detection of MTB. The principle of this method is illustrated in Scheme 1. In addition, we evaluated the clinical usability of this assay by testing a variety of clinical samples.
Materials and methods

Bacterium strains
Mycobacterium tuberculosis H37Rv (ATCC27294) and Mycobacterium gastri (CMCC95006) were obtained from the National Institutes for Food and Drug Control (NIFDC, P. R. China). Mycobacterium bovis BCG and other pathogens, such as Staphylococcus aureus, Streptococcus pneumoniae D39, Pseudomonas aeruginosa and Escherichia coli, were from the Pathogenic Microbiology Laboratory of Chongqing Medical University (Chongqing, P. R. China). The genomic DNA of these bacteria was extracted according to the previous description. 34 
Generation of reference plasmid
According to the manufacturer's guidance, the plasmid standard of mts90 (2973968 to 2974057 nt of GenBank accession numbers CP009480.1) was constructed by a pMD19-T Vector Cloning Kit (TaKaRa). A fragment containing the mts90 region was ligated to pMD19-T vector, and then was transformed into cloning bacteria (DH5a). Plasmid DNA was extracted using the Plasmid Mini Kit (Omega Bio-tek) and veried by PCR as well as sequencing (TSINGKE Biological Technology, Chengdu, P. R. China). PCR reactions were performed in a T100™ Thermal Cycler (Bio-Rad, USA) with the following protocol: 94 C for 5 min, followed by 30 cycles of 94 C for 1 min, 63 C for 30 s, 72 C for 15 s, and nally 72 C for 10 min. The DNA concentration was quantied by a NanoDrop 1000 UV/Vis spectrophotometer (Thermo Scientic, USA).
Scheme 1 Schematic illustration of real-time RPA performed on the amplification and detection of mts90.
RPA primer and probe design
Primers and probes for the mts90 RPA assay were designed following the manufacturer's (TwistDx, Cambridge, UK) manual (https://www.twistdx.co.uk/en/support/rpa-assay-design-2). Amplicons for the primer design were from conserved regions containing a nucleotide sequence of mts90. The screening of the primer candidates was accomplished via electrophoresis, uorescent dye and probes for selecting a preferred primer set. All primers and probes (Table 1) were synthesized from Sangon Biotech (Shanghai, P. R. China).
RPA assays
RPA reactions analyzed by electrophoresis and uorescent dye were performed on the TwistAmp® fpg kit (TwistDx, Cambridge, UK). Each reaction contained a 50 mL mixture. A pre-mixture (47.5 mL) was prepared rstly, including 2.1 mL of the RPA primer pair (10 nM), 29.5 mL of rehydration buffer, and 13.8 mL of template and ddH 2 O. Then the pre-mixture was diverted into the reaction tube to mix with TwistAmp fpg lyophilized enzyme pellets, and 2.5 mL of magnesium acetate (280 mM) were added to trigger the reaction immediately. The mixture was quickly placed in a 39 C water bath and incubated for at least 20 min. Following purication by a High Pure PCR Product Purication Kit (Roche), its products were checked by agarose gel (2.5%) electrophoresis. When monitored with uorescent dye, 2.5 mL of 20Â EvaGreen® Dye (Biotum) were added in the pre-mixture up to 47.5 mL. Aer adding 2.5 mL of magnesium acetate (280 mM), RPA reactions were kept at 39 C with the Rotor Gene Q (Qiagen, Germany) and set to cycle readings every 20 s. RPA reactions coupled with a specic probe were carried out by the TwistAmp® exo kit (TwistDx, Cambridge, UK). The 47.5 mL prereaction included 2.1 mL of primer pair (10 nM), 0.6 mL of probe (10 nM), 29.5 mL of rehydration buffer, 13.2 mL of template and ddH 2 O. Aer adding 2.5 mL of magnesium acetate (280 mM), the mixture was rapidly transferred to the CFX Connect™ Real-time System (Bio-Rad, USA) and the reaction procedure was to incubate at 39 C and read uorescence values every 20 s for 20 min.
Analytical sensitivity and specicity of mts90 RPA assay
The reference plasmid was serially diluted to 6 Â 10 , and 6 copies per microliter, and these dilutions were used to determine the sensitivity of the mts90 RPA assay. To determine specicity, we detected DNA templates extracted from Mycobacterium tuberculosis H37Rv (M. tuberculosis H37Rv), Mycobacterium bovis BCG (M. bovis BCG), Mycobacterium gastri (M. gastri), Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), Streptococcus pneumoniae D39 (S. pneumoniae D39) and Pseudomonas aeruginosa (P. aeruginosa). 3 mL of genomic DNA of each strain was added into the RPA reactions.
Clinical samples for the assessment of the mts90 RPA assay application
A total of 28 clinical samples from the First Affiliated Hospital of Chongqing Medical University (Chongqing, P. R. China) were used to evaluate the mts90 RPA assay. This protocol was approved by the Clinical Research Ethics Committee of Chongqing Medical University. These clinical samples were identied as MTC positive by a Biochip test (CapitalBio Corporation, Beijing, P. R. China). Pre-treatment for the digestion and decontamination of the clinical samples was performed by using a reference NaOH-Na citrate standard method, 35 and then the supernatant was discarded aer centrifugation, and the pellet was washed and resuspended repeatedly with sterile PBS. 36 The DNA of the clinical samples was obtained by using the nucleic acid extraction reagents in the Mycobacteria Identication Array Kit (CapitalBio Corporation, Beijing, P. R. China). 2.5 mL of the DNA of each sample were used as the template in the RPA reactions.
Results
Design of mts90 RPA assay
To select a preferred primer pair, we used different methods to screen for the optimal primer pair in corresponding candidate primers (Table 1 ) and conducted RPA reactions for the reference plasmid. The results of electrophoresis showed that the primer pair of F3/R2 had the best amplication effect among 5 pairs of primers (Fig. S1A †) . Monitoring the performance of different primers in real time is a method that can minimize the risk of cross-contamination caused by aerosols when opening lids. By adding uorescent dye (EvaGreen® Dye) to perform real-time detection, only one pair (F3/R5) of 4 primer sets was selected for acquiring the most obvious difference between a positive amplication and negative control (Fig. S1B †) . In addition, two probes were designed to test different primer pairs. The results demonstrated that the combination of probe P2 and primer pair F3/R10 produced the highest uorescence signal among 7 pairs of primers (Fig. 1A) . In order to determine the suitable one for further electrophoresis analysis, three pairs of primers selected above were further veried with genomic DNA from M. tuberculosis H37Rv. The products were viewed on a 2.5% agarose gel aer purication. The band of the F3/R10 positive lane showed the highest amplication performance (Fig. 1B) . Therefore, probe P2 and primer pair F3/R10 were used for subsequent experiments.
Sensitivity analysis of mts90 RPA assay
The sensitivity of the mts90 RPA assay was investigated by detecting a serial dilution of the reference plasmid. The results showed that the 10-fold dilutions of plasmid from 6 Â 10 5 to 6 Â 10 0 copies per reaction could produce an amplication signal within 20 minutes (Fig. 2) , and the uorescence intensity of 6 copies per reaction was approximately 200 RFU, which was signicantly higher than that of the background. It was proved by repeated tests (n $ 3) on different concentrations that the sensitivity and repeatability of the mts90 RPA assay were valid (Table 2 ). Six (6)-copy preparation was amplied in 5 of 5 (100%), and the time needed for a positive amplication signal was aer about 8 minutes (Fig. 3) . The results above demonstrated that the sensitivity of this assay was as low as 6 copies per reaction.
Specicity of mts90 RPA assay
To analyze the specicity of the mts90 RPA assay for MTB, we detected the genomic DNA extracted from seven strains. As expected, only M. tuberculosis H37Rv was found to be positive with the positive control of the mts90 plasmid in real-time detection (Fig. 4A) . Although M. bovis BCG and M. gastri are members of MTC, the strains tested were negative. Similarly, the remaining other pathogenic bacteria did not produce any positive amplication signal. Furthermore, the results analyzed by electrophoresis were consistent with the above. The bands of M. tuberculosis H37Rv and plasmid are shown at the same size (Fig. 4B) . Thus, the mts90 RPA assay established for detecting MTB had the desired specicity.
Performance evaluation of mts90 RPA assay with clinical samples
The performance of the mts90 RPA assay was evaluated by testing clinical samples. A total of 28 clinical samples were collected that were identied as positive by a Biochip test, including sputum (15), bronchoalveolar lavage uid (BALF -9) and lung tissue (4). The mts90 RPA assay could successfully detect MTB from the clinical samples within 20 minutes (Table 3 ). There was a 100% detection rate when testing samples of sputum and tissue (15/15 and 4/4, respectively). Although for the samples of BALF, 8 in 9 cases were detected positive by the mts90 RPA assay and one of them was negative, the total coincidence rate was high, up to 96.43% (27/28) (Table 4) . a The data used for the sensitivity analysis of mts90 RPA assay were obtained from testing on the plasmid. The sensitivity was as low as 6 copies per reaction for a 100% positive rate of detection (5/5). 
Discussion
A rapid and sensitive mts90 RPA assay for detecting MTB was established and it was successfully applied to detect clinical samples. According to the manufacturer's guidelines, primer selection is critical to the development of RPA methods, and it is necessary to use a long primer (30-35 bases) to obtain the desired amplication effect. However, based on a recent review paper, some published RPA studies used primers below 30 bases or over 35 bases, 37 showing some differences from the guidelines. Therefore, different primer lengths (22-38 bases) were designed and tested in our experiments.
The primer set of F3/R2 (32/35 bases) was selected based on electrophoresis analysis. F3/R5 (R5, 31 bases) was selected by uorescent dye (EvaGreen® Dye); while F3/R10 (R10, 31 bases) was screened using well-designed probes. The lengths of the primers obtained from the above screening methods were within the recommended range, which explains that the appropriately long primers might be preferred for RPA amplication. Certainly, a RPA reaction executed at a single temperature (37 C) within 20 minutes also relies on the initial template concentration and amplicon size. 38 In this study, we spent much of the time for the purication of RPA products before electrophoresis analysis, and it remains a challenge for analytical specicity using intercalating dye to monitor real-time uorescence; however, probes could rapidly generate comparative data aer 16 minutes and improve the specicity among the screening. Moreover, the primer set of F3/R10 selected by the probes showed the best amplication effect when tested with genomic DNA of M. tuberculosis H37Rv. Thus, we conrmed that it is more efficient and reliable to use probes for selecting a preferred primer pair in the development of RPA methods.
The sensitivity of the mts90 RPA assay was high with only 6 copies per reaction for detecting the reference plasmid. The sensitivity was slightly higher than that of the TaqMan qPCR method developed previously; its sensitivity was 10 copies of plasmid.
33 Fig. 3 shows that the time needed to reach a positive amplication depends on the input concentrations of the plasmid, but this proportional relation was not strict. As for the analytical specicity of the mts90 RPA assay, it could successfully detect M. tuberculosis H37Rv but not M. bovis BCG, M. gastri and other pathogens. The probe (P2) used for the mts90 RPA assay was 52 oligonucleotides in length with homologous sequences of mts90, which ensured that the assay was capable of specically detecting MTB in the RPA reactions. The structure of probe P2 was also analyzed online (http://www.nupack.org/), seen in Fig. S2B . †
The clinical performance of the mts90 RPA assay was evaluated by detecting clinical samples. The results showed that the accuracy of this assay was 96.43% (27/28) , with only a unique case of BALF that tested inconsistently with clinical results. These specimens were identied as MTC positive using a Biochip system that is currently the only approved one certied by the China Food and Drug Administration (CFDA) for the rapid identication of mycobacteria. The Biochip test can identify MTC and 16 common NTMs;
39 but it cannot identify specic types of MTC. Therefore, the sample detected as negative by the mts90 RPA assay might be a strain other than MTB within MTC; thus, further sequencing is required. However, the clinical utility of this assay requires more clinical samples to be further evaluated.
Compared to the Biochip test, our real-time RPA assay only requires basic operation technical skills and typically 20 minutes of reaction time, which is much simpler than the complicated testing procedures of about 6 hours for the Biochip system. 39, 40 Although other well-established techniques for the diagnosis of TB by detecting nucleic acids exist, RPA has its own special advantages for POCT diagnosis in particular. Unlike many PCR assays (such as Xpert MTB/RIF), RPA has the potential for miniaturization and is cost effective, as it could complete its amplication and detection with existing facilities. Furthermore, uorescent detection is really not reliant on costly special equipment. A simple battery powered device is also feasible. 41, 42 The loop-mediated isothermal amplication test for TB (TB-LAMP) reviewed and recommended by WHO in 2016 is a manual test that takes less than 1 hour and its results can be read with the naked eye under ultraviolet light. 43 However, RPA further reduces the testing time and only two primers are necessary, which is simpler than the four to six primers required for the LAMP reactions. 44 Besides, RPA requires a lower energy and may proceed at temperatures between 25 C and 42 C compared with around 65 C for LAMP. 18, 45 More signi-cantly, most required reagents form as a freeze-dried pellet to simplify the testing and all the reagents involved in the RPA reactions are cold-chain independent.
46 Overall, RPA is more suitable for healthcare in remote parts of the globe.
Conclusion
In summary, the mts90 RPA assay showed a high sensitivity and specicity for detecting MTB, and the assay was simple to operate, as well as quick with a reaction that could be completed within 20 minutes, greatly improving the detection efficiency. Therefore, the mts90 RPA assay developed in this study can be a complement to the existing nucleic acid diagnostic methods of TB. Further in-depth studies may be necessary to design a simpler readout method for the mts90 RPA assay and apply the assay to diagnose TB in low-income and TB high-burden areas. 
